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The wide band-gap semiconductor silicon carbide has tremendous potential for 
use in high power, high temperature, and high frequency electronic devices. One of the 
more important design factors for these devices is the epitaxial layer. It is desirable that 
this thin film have uniform polytype, thickness, and impurity concentration, as well as be 
defect free. One method used for SiC to ensure epitaxial layers with homogenous 
polytype is to cut wafers from a boule that has been tilted towards a specific
crystallographic face at a fixed angle (known as “off cut”). The purpose of this thesis was 
to investigate the growth mechanisms of alternative boule tilting directions with 6H-SiC. 
Four alternative crystallographic tilting faces were chosen: <1230>, <1340>, <2130>, 
and <3140>. A lightly doped 1um-thick layer was grown on samples representing the 
four alternative off-cut directions and, as references, commercially available substrates 
off cut towards the traditional direction <1120>. The physical and electrical properties of 






Infrared Reflectance Spectroscopy, Atomic Force Microscopy, capacitance vs. voltage, 
and current vs. voltage. Three facts were observed: 1) the alternative off-cut directions 
affected the growth mechanisms and surface morphology, 2) the quality of the substrate 
affects the morphology of the epitaxy layer, and 3) the relative differences between the
surface roughness attributed to the different off-cut directions affected the observed 
electrical characteristics of Schottky barrier diodes fabricated on the epi layers. The 
samples cut towards the <3140> and <1340> directions showed to the most promising
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For many decades researchers have realized that silicon carbide (SiC) has the 
potential to be used as an alternative semiconductor material for applications requiring
high temperature and high power. Silicon, because of its maturity, is usually the 
semiconductor material of choice, but silicon has physical limitations that keep it from 
being used in extreme high temperature and high power environments. The physical 
properties of silicon carbide such as having a wide bandgap, high thermal conductivity, 
and high saturated drift velocity make it a good candidate for use as a high power, high
temperature, and high frequency device [1-3].
One of the most important factors for device design when using SiC as the 
semiconductor material is the epitaxial layer. The epitaxial layer is a thin layer of 
material that is grown on an existing substrate. This comes in the form of homoepitaxial 
and heteroepitaxial growth. Homoepitaxial growth consists of growing the same type of 
semiconductor material as the substrate (SiC on SiC), whereas heteroepitaxial growth 
consists of growing a different semiconductor material on the substrate (GaN on 










of epitaxial growth systems to control the thickness, doping level, and semiconducting
type (p or n) of the thin layer of material to within the tolerances required by devices [4-
5].   
SiC is known for having many polytypes, but 3C, 4H, and 6H are the three most 
interesting for applications. 3C is the only 100% cubic lattice structure of SiC, and 4H- 
and 6H-SiC are both very common forms of hexagonal close pack lattices. Each polytype 
has certain electrical, optical, and thermal properties associated with them, which are 
important when dealing with crystal growth and characterization. Section 3 will show a 
more in-depth look at these three SiC polytypes. 
When a 4H or 6H SiC crystal is oriented such that an epitaxial layer is grown on 
the c-plane (normal to either the <0001> or the <0001> direction), it has been found that 
the quality of the epi layer is poor due to a high concentration of defects such as stacking
faults [6]. To correct this problem, wafers are cut at an angle off the c-axis, which 
exhibits a surface structure that is optimal for device quality epi layers [7]. Available 
research shows that the only two tilt directions used to cut wafers off-axis are <1100> 
and <1120> (the bold signifies the bar over that number) [7-8].  Standard off-axis cut
angles for commercially available wafers are 3.5° for 6H-SiC and 8° for 4H-SiC towards 
the <1120> direction [9-10]. When large cutting angles are used, there is a large waste at
the ends of the boules where there is not enough material to cut a full sized wafer. The 
purpose of this research is to investigate alternative off-axis cutting directions such that 
low off-axis cutting angle epitaxial layer growth will be of high enough quality to support 











2. Brief History of SiC
Silicon carbide has been identified since the 1800’s, but it was not commercially
available until the late part of that century when Eugene Acheson created a process for
mass-producing SiC, which is widely used as an abrasive substance in sandpaper [11]. 
SiC was not discovered to be a semiconductor material until Lossew fabricated the first 
pn junction made from SiC, which was proven from the electroluminescence of the two 
layers [12].  
The Acheson method is fine for growing industrial grade SiC, but a higher quality
crystal is needed to use SiC as a semiconductor material. In the 1950’s Lely created a 
sublimation process that produced higher quality SiC [13], but difficulties slowed much 
SiC research in the U.S., although research continued in the former USSR. It was not 
until the late 1970’s that Tairov and Tsvetkov created a modified Lely method of 
producing SiC crystals [14]. Finally in the late 1980’s, Cree Research Inc. developed SiC 
wafers that were of high enough quality to produce devices [15]. Today researchers and 
companies have been able produce such devices as blue LED’s, MOSFET’s, MESFET’s, 
Schottky barrier diodes, bipolar transistors, thyristors, and temperature sensors [16-21].  
3. Crystal Lattice Structures and Polytypism of SiC 
Every semiconductor material has an associated crystal structure. For example, 
silicon is well known to have a lattice where Si atoms are arranged in such a manner that 








atom being the centroid. The specific manner in which the basic SiC tetrahedron unit is 
arranged into a crystal is referred to as its polytype. Over 200 polytypes of SiC have been 
reported since it emerged over 100 years ago [22]. The better-known polytypes of SiC 
include 3C, 2H, 4H, 6H, and 15R, but 3C, 4H, and 6H have received the greatest
attention as semiconductor materials. The stacking orders of these polytypes can be seen 
in Figure 1.1.  The SiC tetrahedron can exist in three spatially different positions for both 
the untwinned and twinned (a SiC tetrahedron that has been rotated 180 degrees on the c-
axis) cases [23], which can be easily seen in Figure 1.1 for the 3C polytype. The C atom 
is centered about a different point denoted by a 1, 2, or 3. The stacking order of SiC can 
be thought of as double sheets of Si and C referred to as bilayers. The three spatially
different configurations can be used to make defining the bilayers easier. The Si face of 
the bilayer can defined with an A, B, or C and the C faces are defined by the Greek 
symbols α, β, and γ, but the more common method of defining the bilayers for Ramsdell 
polytype notation uses the Si face notation A, B, and C. A tick (’) can be used after the 
bilayer letter to denote that the bilayer is of the twinned type, but this is not always
shown. The number in front of the Ramsdell notation specifies the number of bilayers in 
the unit cell, and the letter specifies the direction of the stacking. The 3C polytype is the
most common cubic polytype in SiC and has the stacking order ABC|ABC. The two 
well-known hexagonally stacked polytypes are 4H and 6H, which have the stacking
orders ABCB|ABCB and ABCACB|ABCACB respectively. It is not known exactly what 
causes SiC to stack in so many ways, or what causes it to switch between the different 







The most common method to define directions and positions in the hexagonal 
lattice of SiC is by using the four number Miller indices in the form <a1 a2 a3 c>. A three 
number Miller index is used to define the cubic SiC lattice. Figure 1.2 shows the main 
directions of a general hexagonal SiC lattice from an overhead view looking down the c-
axis from the Si-face <0001>. 
An important characteristic of each polytype is their different thermal, optical, 
and electrical characteristics. The physical properties are extremely important to device 
design. Table 1.1 compares the electrical and thermal properties of three major polytypes 
of SiC to Si and GaAs. 
Figure 1.1: Common polytypes of SiC for semiconducting applications. From left to  
       right: 3C, 4H, and 6H. The listed stacking order in the figure for the 3C  
       polytype is CABC, 4H polytype is CABACABAC, and 6H polytype is  











Figure 1.2: Overhead view of the SiC hexagonal lattice with directions defined by the  
      Miller indices [24]. 
Table 1.1 
Comparison of physical, electrical, and thermal characteristics of different types of 
semiconducting materials. [25, 26]
3C-SiC 4H-SiC 6H-SiC Si GaAs 
Bandgap [eV] 2.3 3.2 3 1.12 1.42 
Lattice Constant [Å] 4.36 a = 3.09 
c = 10.08 
a = 3.09 
c = 15.12 
5.43 5.65 
Thermal Conductivity [W/cm-K] 5 4.9 4.9 1.5 0.5 
Breakdown Field [MV/cm] * >1.5 3 3.2 0.2 0.6 
Saturated Electron Velocity 
[cm/s] 
2.5×107  2×107  2×107 107 107 
Electron Mobility [cm2/V-s] ** 750 800 370 1100 600 
Hole Mobility [cm2/V-s] ** 40 115 90 420 320 
* For doping concentration of 1017cm-3. 








4. SiC Epitaxy Growth Techniques 
The epitaxy layer is major part of device fabrication, therefore it needs to be 
highly controllable. Process control parameters are the most important part of epitaxy
layer growth control. There are three types of epitaxy layers that can be grown in almost 
every type of semiconducting material: p-type, n-type, and semi-insulating. This refers to 
the concentration of acceptor and donor atoms that exist in the layer. An acceptor atom 
has the ability to accept an electron from the valence band, whereas the donor atom can 
donate an electron to the conduction band. A p-type material will have a higher number 
of acceptors than donors, the n-type will contain a higher number of donors than 
acceptors, and the semi-insulating material will ideally have equal concentrations of 
donors and acceptors (referred to as the compensation point). The ability to control the 
concentration of donors and acceptors, or dopants, in epitaxy layers is the basis of device 
design: the pn junction. The pn junction is the basis for devices such as BJT’s and diodes, 
but it is of varying importance to most devices. P-type dopants for SiC include boron and 
aluminum, and the major n-type dopant is nitrogen. The concentration of dopants in the 
pn junction is important, but the ability to control the thickness of the layer also changes 
the electrical characteristics of the junction. These epi layers often should be uniform in 
both the thickness and doping. Electric field variations will occur when the epi layers are 
not within a tight tolerance for uniformity. There are many growth techniques that can be





or wafer. Each has advantages and disadvantages, but they all produce essentially the 
same result. Some of the more common growth methods include liquid phase epitaxy, 
molecular beam epitaxy, sublimation, and chemical vapor deposition (CVD). Only CVD 
will be considered here. 
Chemical vapor deposition, or CVD, is probably the most common technique 
used to grow SiC epitaxy layers or any thin layer. CVD has been used to grow SiC 
epitaxy layers as early as 1971 [27-28]. The concept of CVD is based on the necessity of 
certain precursors being present under certain conditions such that they will either be 
bonded or adsorbed to the surface of the wafer to form atomic layers of a material when it 
is at an elevated temperature. The precursors for homoepitaxy SiC growth include silicon 
and carbon, but these adatoms cannot reach the substrate without the presence of a carrier 
gas. The carrier gas must be chemically inert to the solid surface of the substrate, and 
hydrogen and argon fit this description [21], but it well known that hydrogen will etch the 
surface of the substrate. The most common gas sources of Si and C used in SiC
homoepitaxial CVD are propane (C3H8) and silane (SiH4), but others such as CH4 and 
C2H4 have been used for heteroepitaxial growth of 3C [29-30]. These gases flow into the 
main reactor chamber at an elevated temperature, above 1500°C for SiC, and the gases 
breakdown into adatom form. Nitrogen, diborane, or trimethylaluminium (TMA) are used 
as gas sources for dopants. Mass flow controllers are used to control the flow rates of the 
gases. Ultra high purity or semiconductor grade gases are used in CVD to help eliminate 








It is possible to grow well-controlled doped thin and thick SiC epitaxy layers in a 
properly designed CVD reactor [7, 31]. The general form of the CVD reactor is shown in
Figure 1.3. This particular reactor is for Si epitaxy, but the components are similar for 
SiC. The gas sources are fed in a controlled manner into the main chamber by means of 
the mass flow controllers and valves. The susceptor is heated by induction from the RF
coil. The susceptor is used to heat the wafers to the temperature required to cause 
adsorption of the adatoms. The vacuum pump removes the majority of the atmospheric 
contaminants, and it can also be used to maintain the chamber under low pressure during
growth if desired, a process known as low pressure chemical vapor deposition (LPCVD). 
The scrubber prevents flammable and toxic gases from being released directly into the 
atmosphere. 
Figure 1.3: Basic form of a CVD reactor [32]. 
The common silane-propane-hydrogen SiC CVD system comes in two general 












configurations is shown in Figure 1.8. The source and carrier gases flow horizontally
across the substrate in the horizontal flow reactor (1.4(a)), whereas the gases flow down 
onto the wafer in the vertical flow reactor (1.4(b)). Shown in the vertical flow system is 
that there can be recirculation of the gases caused by convection. This can lead to 
incomplete flushing of the chamber, but this can be largely avoided by proper gas flow 
and altering the chamber pressure [32]. 
Figure 1.4: Two forms of CVD reactor design [33]. (a) is the horizontal flow system and  
(b) is the vertical flow system. 
The two main parts of the CVD reactor are the growth chamber and the susceptor. 
The growth chamber of the reactor is used to keep ambient gases out and keep the growth
and carrier gases in. Contaminants are removed by pulling a vacuum on the chamber
followed by a backfill of very high purity hydrogen to help keep impurities from entering
the chamber. The two major types of chambers that exist are hot-wall and cold-wall
chambers. The difference between the hot-wall and cold-wall chamber is that a 








The hot-wall reactor has the ability for high growth rates (e.g., 30µm/hr [34]) where as 
the typical growth rate in cold-wall systems vary from 1µm/hr to 5µm/hr [5]. The gas 
flow dynamics are completely different in these two reactors because the large 
temperature gradient in the cold-walled system is avoided in the hot-walled system. One 
major concern of the chamber is that the material used for its construction must be able to 
withstand temperatures of over 1500°C without failing or releasing too much 
contamination. A common material used for chamber construction is quartz due to its 
ability to withstand high temperatures. The optimum chamber design will produce 
laminar flow across the surface of the substrate. This will ensure that the precursors will 
be distributed uniformly across the substrate’s surface. The shape and temperature of the 
chamber influence the dynamics of the gas flow, but optimal design is difficult to achieve
and is subject to continuing research. 
The susceptor is responsible for heating the wafer to growth temperature. 
Common growth temperatures of 4H and 6H SiC epitaxy range from approximately
1400°C to 1600°C [34]. The susceptor is heated by using an external RF generator to 
magnetically couple electrical energy waves from a RF coil to the susceptor. Some 
important considerations when developing susceptors are that the material must withstand 
high temperatures, be electrically conductive, and result in good temperature uniformity
across the susceptor. Graphite is probably the best known susceptor material to date. It
has been used since the days of Si epitaxial growth due to its relative ease of fabrication, 
purification, and low cost. The problem with using pure graphite for SiC growth is that it 









impurities that exist within the graphite [35-36]. Many epitaxial growers use amorphous 
SiC coated graphite susceptors to seal the impurities within the graphite owing to SiC’s 
ability to withstand high temperatures [37]. Susceptors designed for optimal RF
conduction will exhibit a highly uniform temperature across the entire susceptor. This is 
very important due to the major role that temperature plays in controlling epitaxial
growth. It is possible to use other materials to coat substrates or to be used as the bulk 
material of the susceptor, but these techniques are less common. 
Once a well-designed reactor is in place, adjustments to gas flow rates, 
temperature and chamber pressure can be applied to achieve an optimum SiC epi layer.
Assuming the Si and C gas sources do not introduce contaminants, the dopant precursor 
gases can directly control the concentration of dopants, but obviously this is only the 
ideal case. There are trace (sometimes more) amounts of nitrogen that are introduced into 
chamber from either the atmosphere or from the gas/carrier sources. Aluminum can also 
be introduced into the film from the susceptor as already mentioned. One method for 
doping control that has been used to grow doped and compensated SiC epi layers is 
called “site competition epitaxy” [38], which involves changing the ratio of potential Si 
and C adatoms in the vapor phase. It is also important to find an optimum growth 
temperature to keep polytype changes from occurring, such as 6H or 4H substrates 
changing to 3C during epitaxial growth. The chamber pressure is another important CVD 















5. -SiC Growth Physics
The methods described for epitaxy growth have been presented only very
generally to this point, but obviously the details of the epi growth physics are 
complicated. The growth physics of α-SiC (4H and 6H) epitaxy will now be reviewed for
on-axis c-face, commercially available off-axis c-face, and alternative face substrates. 
On-axis Substrates 
On-axis substrates are wafers whose polished surface(s) lies in the <0001> plane 
(perpendicular to the c-axis). Slicing wafers off of cylindrical boules grown with their 
axes aligned with the crystal’s c-axis produces the best yield of wafers per boule. 
However it is well known by SiC epi growers that on-axis substrates do not make suitable 
substrates for high quality homoepitaxy. In order to grow single-crystalline homoepitaxy
on on-axis substrates it requires a growth temperature of 1700-1850°C [39-41]. The 
methods presented by both Campbell and Muench et al. [39-40] for on-axis SiC epi 
growth used silicon tetrachloride, hexane, and a hydrogen carrier gases in a CVD system
similar to the one previously described. Keeping the temperature in the range listed above 
resulted in fairly high quality 6H-SiC epitaxy with some 3C on the edges, but when the
temperature was decreased, 3C was formed across the majority of the substrate. Powell
et al. [42] proved that it was possible to grow 6H homoepitaxy layers at temperatures of 
1320-1390°C, but the quality of the layers were well below that needed for devices. Other
researchers have used LPE and sublimation to grow homoepitaxy on 6H-SiC, and their









Figure 1.5 shows one possible surface, the A bilayer, of a 6H-SiC on-axis 
substrate. There are three possible bilayers that can be exposed on c-face substrates, A, B, 
or C. In order for a homoepitaxial layer to be grown, the next consecutive bilayer for that 
particular polytype must be grown, otherwise a polytype change will occur at that site, 
which is a replication error. If the exposed layer is as shown for the 6H-SiC in Figure 
1.5, the next required layer should be of the B type bilayer. This polytype change can be 
seen in Figure 1.9 with the bilayers labeled with a partial B and a C. If a C bilayer bonds 
to the B bilayer, an event called 2D nucleation will begin. Nucleation is the process of a
bilayer attaching itself to the lattice of the flat surface, but β nucleation is when the 
hexagonal SiC crystal converts to 3C-SiC at that lattice site. Unless a heteroepitaxy 3C 
layer is desired to be grown [44-45], this is unacceptable. This 3C nucleation occurs 
easily at temperatures below the 1700°C needed for homoepitaxy growth on on-axis 
substrates. Thermodynamically this is due to the Gibbs phase rule at the operating
chamber pressure [23]. The concentration of the Si and C in the supersaturated Si and C 
cloud is directly related to the flow rate, pressure, and temperature in the main chamber. 
At higher temperatures, enough thermodynamic energy is available for homoepitaxy
layers to be grown on the substrate. The amount of energy for β nucleation to occur is 
lower than that of its α counterpart, which is why 3C grows easily at low temperatures. 
Fissel et al. [46] applied thermodynamic principles to SiC and provided the data given in 
Table 1.2. This data shows that 3C-SiC has the lowest surface energy and largest (closest 
to zero) heat of formation, which means it is easier for it to form than hexagonal SiC. The 













face [47], so Si face epi growth is typically preferred for 6H and 4H homoepitaxy. It
should be noted that other major causes for nucleation on the <0001> face are defects and 
impurities existing on the surface [47]. This is due to the fact that bonds that are exposed 
at the defects or impurities require a lower adsorption energy for the adatoms in the
supersaturated mix. Requiring high temperature conditions can make it difficult to grow 
high quality epitaxy on 4H and 6H-SiC from both a reactor design and a cost 
effectiveness standpoint, so a different approach for growing hexagonal SiC polytype 
homoepitaxy layers is much more common. 
Figure 1.5: One of three possible exposed on-axis substrate surfaces. The growth shows  
                   two possible growth stacking orders of bi-layers that can be bonded or  
                   adsorbed to the surface. The nucleation shown in the left image labeled C will  
                   be out of sequence whereas the one labeled B is the correct next in sequence   



















Heat of formation (kJ/mol) 
H0 f, 298.15 
3C 0.30828 1.742 -64 
6H 0.30813 1.767 -65.4 
15R 0.30804 -65.8 
4H 0.30805 1.8 -66.6 
2H 0.30763 
Off-axis Substrates/Step-flow Growth 
The answer to the on-axis dilemma is step-flow or step-controlled growth on off-
axis substrates. Instead of cutting wafers off the boule parallel to the c-face as is done for 
on-axis substrates, the boule or wafer saw will be tilted away from the c-axis a few 
degrees and the wafer is cut. This off-axis technique was first used by Kong to grow high
quality (defects not created from the epitaxy) 6H-SiC homoepitaxy [7]. Figure 1.6 shows 
the diagram for cutting wafers off an angled boule. The result is a wafer with atomic 
steps across the surface similar to that shown for 6H-SiC in Figure 1.7. Another physical 
property that is not shown in Figure 1.7 is a kink. A kink is defined as a step with two 
different bonds exposed as illustrated in Figure 1.8 (however, note that hexagonal SiC 
polytype does not necessarily have kinks in this form due to their hexagonal geometry). 
Notice that the terraces, kinks, and steps are now available for the adsorption, diffusion, 








Figure 1.6: Diagram showing method of tilting a boule for off-axis wafer cutting.






Figure 1.8: Diagram demonstrating a kink of a step [50]. 
There are four major growth mechanisms that need to be considered when 
growing epitaxy on off-axis substrates: 1) adsorption, 2) diffusion, 3) desorption, and 4) 
two dimensional nucleation. Adsorption can be thought of as the adatoms being bonded 
to the dangling bonds that are exposed at the step. The bonds at the step have a lower 
activation energy when compared to the energy required to bond on the terrace [51]. 
Diffusion is the process by which the adatoms from the supersaturated gas flow across 
the terraces of the substrate. Desorption occurs when an atom that had been bonded to the 
lattice is released. 2D nucleation on off-axis substrates is the same mechanism that occurs 
on on-axis substrates. Figure 1.9 shows the schematic for step-flow growth and 
nucleation for 6H-SiC. Step growth can be thought of as the horizontal growth of a 
particular bilayer due to adsorption, and nucleation is a vertical growth process, which 
occurs because of a defect (micropipe, screw dislocation, etc) existing on the terrace or 







these four mechanisms determines what kind of epitaxy is achieved, which in turn 
depends on the conditions (pressure, gas flow rates, temperature, etc.) in the chamber.  
Figure 1.9: Diagram for growth mechanisms a) β or 3C nucleation and b) step-flow 
                   growth [51]. 
In order to estimate the growth dynamics of the substrate for a set of given 
chamber conditions, some sort of model for the crystal growth is necessary. The first 
widely accepted model for step-flow growth was presented in 1951 by Burton, Cabrera, 
and Frank (BCF) et al. [50]. The BCF model was used to model general crystal growth 
for a crystal surface with steps across it known as vicinal substrates. This model took in 
to consideration how the supersaturated vapor would react at the steps, adsorption and 
diffusion of the adatoms, and growth on the terraces (nucleation). They also applied the 
1945 work of Frenkel to explain how kinks play a major role in step growth. The BCF
model was not directly applied to silicon carbide until Kimoto and Matsunami provided a
quantitative analysis [52]. They related the step growth velocity, vapor pressure, diffusion 
rates, gas pressures, critical supersaturation ratio, and the terrace length to determine the 








of concepts and formulae for generalized growth of crystals with steps and terraces, but it 
is difficult to fully predict the final outcome of epi growth due to the complexity of
defects and surface structures on the substrate.  
The BCF model was not the only model applied to SiC. Zhang et al. [53]
provided a numerical model for crystal growth based on a physical vapor transport 
mechanism. This model is not very applicable to epitaxy growth, but is useful for bulk 
growth. Stout et al. [54] provided a much more useful model for step flow growth of 
epitaxy in SiC. His model used the Monte Carlo method based on the surface kinetics 
(adsorption, desorption, and diffusion), precursor transport, etching, and evaporation. 
This model is useful for simulation purposes, but does not provide as clear of a physical 
picture as the BCF model. 
Applying the BCF model to SiC showed that the step growth velocity is an 
extremely important parameter to homoepitaxy growth. If step velocity is too slow, the 
chances for nucleation sites to appear on the terraces increases. This is why the off-axis 
cutting angle and direction play a major role in determining what kind of step structure
will exist across the substrate, and whether or not a high quality epitaxy film will be
grown. One experiment used to show growth in multiple directions is that presented in 
[55]. It used single crystalline 6H-SiC spheres to determine growth in basically all 
possible directions. Christiansen et al. [55] showed that the <1120> direction has the 
fastest step growth, the <1100> direction followed, and the c-axis poles had the slowest 
epitaxy growth. Many people have published numerous works dealing with 4H and 6H-






homoepitaxy layers [7, 47, 56-57]. Almost all of them used off-axis substrates cut in the 
directions <1100> and <1120> for 4H and 6H SiC. Referring back to Figure 1.2 to 
visualize the atomic structure in those directions, all of these researchers reported similar
results in the morphology of the epitaxy layer. Namely, when the substrate was cut 
towards the <1100> direction the epi layer had large hill-and-valley profile (i.e. poorer 
morphology) than when the substrate was cut towards the <1120> direction. The <1100> 
off-cut substrate had more β nucleation when compared to the off-cut <1120> material. It
should be noted that there is a symmetry for these directions such that <1120> and 
<1120> perform the same as far as step structure is concerned. This symmetry can be 
applied to a three-fold counterpart, meaning planes 120 degrees apart look almost the 
same in step structure as the twin planes. This can be attributed to the inverse relationship 
for step height and lateral step velocity [7]. The issue of step height has yet to be 
discussed, but the higher the step (i.e. more bilayers), the longer it takes for the step to 
grow. Refer to Figure 1.10 for the step growth diagram for both the <1120> and <1100> 
off-cut substrates.  Henry et al. [58] grew on 4H off-axis substrates that were cut towards 
the <1010> direction and compared them to substrates cut towards the <1120> direction. 
He showed that the <1010> substrate produced much lower quality epi than the <1120> 











Figure 1.10: Step growth model for wafers cut in the a) <1120> direction and b) <1100> 
                    direction [7].
The other important factor of off-axis cutting is the angle at which it is cut. For 
commercially available off-axis substrates, 6H-SiC is cut approximately 3.5° towards the
<1120> direction and 4H-SiC is cut approximately 8° towards the <1120> direction. 
These angles are specifically chosen to keep the step height, or number of bilayers at the 
step, to a minimum, but to keep the terrace lengths short also. Kong et al. [7] showed that 
the highest-probability step height for the Si face of a 6H-SiC substrate cut 3.5° towards 
the <1100> direction is three bilayers whereas the 4H-SiC substrate cut the same has the
highest probability of four bilayers. C-face substrates cut under the same conditions as 
those just mentioned have the highest probability of a single bilayer height for both 










The reason for controlling the step height, terrace width, and cutting direction of 
the surface is that a phenomenon called step bunching can become an issue. Step 
bunching is the formation of steps of multiple heights, or step heights greater than one 
bilayer, from smaller steps. This can cause the surface to exhibit a “micro-roughness” 
that can degrade the performance of devices [58]. Another problem that has already been 
mentioned is that steps of larger heights grow laterally more slowly, which leads to poor 
morphology for homoepitaxy layers. Step bunching can be divided into two step types: 
macrosteps and microsteps. Macrosteps are steps whose height is greater than a bilayer, 
while microsteps have a single bilayer height. Almost all of the reports related to step
bunching suggest that the C face has more microsteps than the more macrostep rich Si
face for 6H substrates cut off-axis at 3.5° [58, 59-61]. The resulting epi layers have been 
reported as having “hill and valley” or faceted morphology. Syväjärvi et al. [61] showed 
that temperature plays a major role in the formation of macrosteps due to the direct
temperature relationship with lateral growth velocity. 
Alternative Growing Planes 
The only growth substrates discussed so far have been those oriented with the c-
planes or cut off-axis towards the <1120> and <1100> directions. These are not the only
planes that have been used for homoepitaxial growth. 
One of the main issues mentioned so far is that growth on the c-plane is not 
desired because of 2D nucleation and/or the need for an extremely high temperature for 









together. He cut SiC ingots 54.74° off the c-axis, or the <0114> plane, which eliminates
the presence of the c-planes. Figure 1.11 shows the atomic structure of substrates cut off 
in the <0114> plane, which indicates that there are no longer any c-face terraces showing.
Mirror like surfaces and low etch-pit densities were achieved on both the Si and C faces. 
It was also possible to achieve homoepitaxy at temperatures as low as 1100°C. However, 
the electrical characteristics of devices fabricated on these substrates have not been 
reported. 
Figure 1.11: Atomic surface of a <0114> 6H-SiC substrate [49]. 
Another major advancement in alternative off-axis substrates is the growth of 
devices on the a-face, or the <1120> and <1100> planes. Matsunami et al. [62] showed 
that by cutting ingots off in the plane parallel to the a-face, micropipes would not exist 
since they run parallel to the c-axis. MOSFETs made on epilayers grown on the a-plane 












layers with good morphology as shown by Nishino et al. [63]. This is still a new 
technology, but as a reflection of how promising it is, these substrates are already
commercially available from Cree.
6. Summary of Epitaxy Growth 
In this chapter, a comprehensive overview of both on-axis and off-axis 
homoepitaxy growth was presented. To assist the reader, Table 1.3 summarizes the 
various physical mechanisms and some basic definitions. 
Table 1.3 
Summary of important SiC homoepitaxy growth mechanisms/terms and parameters. 
 Definition 
Adsorption Mechanism by which precursor atoms are accumulated on the 
lattice.
Desorption Mechanism by which the adsorbed atoms are removed from the 
lattice.
Diffusion The process by which adatoms move across the surface of the 
substrate. 
Evaporation The process by which a chemically bonded atom is converted to 
the vapor phase, and then released from the lattice. 
Etching The process by which a gas (usually hydrogen) will strip atoms 
off of the substrate surface. 
Nucleation The growth process that usually occurs on the <0001> and 
<0001> planes. Often a polytype change occurs from 4H- or 
6H-SiC to 3C-SiC. It requires the lowest thermodynamic energy
for growth, and it usually forms at defect sites on off-axis 
substrates. This is not desired unless heteroepitaxy is the goal. 
On-axis Substrates Substrates that have been cut from a boule parallel to the c-
plane. 
Off-axis Substrates Substrates that have been cut from a boule at an angle off the c-














Table 1.3 continued 
Summary of important SiC homoepitaxy growth mechanisms/terms and parameters. 
Step Growth The growth mechanism by which precursors are adsorbed at the 
step and grow laterally across the c-plane. This type of growth 
can produce successful homoepitaxy at lower temperature. 
Step Bunching The growth process by which steps of a height of one bilayer 
(microstep) grow to form multiple bilayers step heights 




Defects such as micropipes, screw dislocations, and stacking
faults that will either cause problems with achieving high
quality homoepitaxy or cause problems with devices. 
Surface Polarity The <0001> plane is defined as the Si face, which has a higher 
tendency towards macrosteps, but better overall surface 
morphology. The <0001> plane is defined as the C face, which 
has few macrosteps and faster growth rate, but has a major 
problem with having a high nucleation rate. This is why the Si 
face is normally used for homoepitaxy growth. 
Off-axis Angle and 
Direction 
The off-axis angle is used to find an optimum tradeoff for step 
height to terrace length. The higher the step, the slower the 
horizontal growth velocity. The longer the terrace, the more 
chance for nucleation to occur. The cutting direction is used to 
optimize the step structure. Certain directions grow faster than
other (i.e. <1120> is faster than <1100>). One rule of thumb is 
the more microsteps the better.
Temperature, Gas Precursor transport, thermodynamics, and supersaturation: 
Types, Chamber These are the choices that the reactor designer/operator controls. 
Pressure, and Gas Adjusting these options changes the thermodynamic properties 
Flow (Growth of the supersaturated gas cloud and the substrate. The 
Parameters) morphology, growth rate, and doping level can all be affected 
by these parameters. 
7. Summary and Organization of Thesis 
Most of the previous work done on off-axis substrates has been on substrates cut 
towards the <1120> and <1100> directions. Little is known about epitaxy growth for 









pick alternative off-axis directions, <1230>, <1340>, <2130>, and <3140>, and 
investigate their homoepitaxy growth and electrical properties. 
The growth and surface structure theory of the chosen alternative off-axis 
substrates will be discussed in Chapter II. The material and experimental setup of the
substrates and CVD reactor will be described in Chapter III. Chapter IV will present the
results from the optical microscopy, AFM, and electrical characterization tests. These test
results will be analyzed and discussed in Chapter V. Chapter VI will present the















ALTERNATIVE OFF-AXIS CUTTING DIRECTIONS FOR 
6H-SIC FOR HOMOEPITAXY GROWTH 
1. Finding an Optimal Growth Direction
Many components of SiC homoepitaxy growth must be considered before new 
off-axis cutting directions are chosen. Many of the growth mechanisms discussed in 
Chapter I must be considered for this selection. After all of these concepts are combined, 
alternative off-axis cutting directions can be realized. 
The first major consideration of homoepitaxy SiC growth is the step growth 
velocity. The <1100> and <1120> directions have certain growth velocities associated 
with them as mentioned in Chapter I. The lateral growth velocity of the <1120> direction 
was found to be faster than that of the <1100> direction, but there were no values given 
for vstep. The directions also have a lower energy of formation compared to the c-face. 
The only other off-axis cutting direction looked at between <1100> and <1120> is the 
<1010>, which was found to grow similar to the <1100> off-axis substrate. The only
other study to explore SiC growth of alternative directions is that of the SiC spheres. 












directions. This leaves a multitude of possibilities for alternative off-axis cutting
directions. 
The other major consideration for this topic is the off-axis cutting angle. This 
angle will alter the step height profile across the wafer. It was found that the more 
bilayers per step, the better the chance for step bunching to occur. For 6H-SiC, the most 
common off-axis cutting angle used is 3.5° towards a certain plane. This angle was found 
to give the highest concentration of single bilayer step heights. This low step height is 
desired to keep the probability of step bunching occurring low. Substrates cut towards the 
<1100> direction were found to have a stripe-like morphology that was attributed to step 
bunching, but those cut towards the <1120> direction were clear of step bunching. This 
particular study showed that the step bunching was due to the growth velocity being
slower in the <1100> directions, not the angle at which the substrates were cut. The lower 
the cutting angle, the longer the terrace, and the higher the probability of nucleation 
occurring; but the higher the cutting angle, the higher the concentration of step heights 
greater than one bilayer, and the higher the probability of step bunching occurring. 
The brief off-axis homoepitaxy overview for 6H-SiC shows that there are 
tradeoffs between off-axis angle magnitude and cutting directions. These tradeoffs have 
to be balanced in order to achieve a device quality homoepitaxy layer. The cutting
directions that were chosen for this work are angles towards the <1230>, <1340>, 
<2130>, and <3140> planes. Figure 2.1 shows the location of these planes while looking
directly in the <0001> direction, or c-face. These four faces are located between the 








towards these directions. This angle was chosen to make the comparison to commercially
available 3.5° off-axis substrates more meaningful. What is desired by choosing these 
particular directions is that there will be a distribution of kinks and steps with respect to 
that of the current <1120> off-axis substrates. Substrates cut in these alternate directions 
would have growth in multiple directions due to the introduction of new kink faces. Even 
thought the <1120> directions have a faster lateral growth velocity than the <1100> 
directions, it is possible that these alternatives might grow at a faster rate with the kinked 
step structure arrangement. Figure 2.2 illustrates what the possible step structure on the 
alternative off-axis cuts might look like for the <2130> and <3140> cuts, but the kinks 
would be the <0110> face for the <1230> and <1340> cuts. The kink and step lengths 
will change for the two alternative directions, but will look different than that of the long
step lengths of <1120> and <1010> or <0110> off-axis substrates. The substrates cut
towards the <2130> or <1230> plane would have longer <1120> steps, whereas the 
substrates cut towards the <3140> or <1340> plane would have longer steps (or kinks) 
parallel to the <1010> and <0110> planes respectively.
The probability distribution of the terrace lengths for the alternative off-axis 
substrates should be comparable to that of the commercially available off-axis substrate 
due the cutting being approximately the same. When the growth occurrs in two 
directions, it may be possible to cut these alternative off-axis substrates at a lower tilt 
angle and still grow with good morphology. This two-directional growth may allow faster 
growth across the terrace, however little has been published on kink growth of SiC. Step 









morphology of the homoepitaxy layer to degrade. Another possibility is that the longer 
step will dominate, not allowing lateral growth from the kink site, and acting as a non-
uniform <1010>, <0110>, or <1120> off-axis substrate. The longer step could also 
possibly grow laterally and dispose of the kink creating a standard off-axis step. This
would defeat the purpose of cutting these substrates in the alternative directions. 
Figure 2.1: Hexagonal coordinate system looking down on the on the c-plane (<0001> 








Figure 2.2: Possible look for alternative off-axis substrates. 
Another important consideration for alternative off-axis homoepitaxy layers is
their electrical characteristics. The goal of this research is that these new layers will not 
change the electrical properties of the epitaxy when compared to a standard off-axis 
substrate. If the epi morphology is rough, as would happen with step bunching, there will 
a problem with electric field distribution at the rough spots of the metal – semiconductor 



















EXPERIMENTAL SETUP TO TEST ALTERNATIVE 
OFF-AXIS 6H-SIC SUBSTRATES
1. Obtaining and Preparation of Alternative Off-Axis Substrates
After determining which alternative off-axis cutting directions were to be used, 
substrates of these types had to be acquired. Since MSU does not grow SiC bulk crystals, 
a vendor that would prepare the necessary SiC crystals had to be found. After vendor 
research, it was determined that II-VI Incorporated would be able to grow 6H-SiC heavy
n-type boules and cut wafers from them in the desired off-axis directions. 
Once the 6H-SiC boules had been grown, the boules were oriented and cut using
the following process. A Secazi x-ray machine was used to measure the axis orientation 
of the boule, and then the crystal was mounted on a fixture that allowed it to be tilted 
3.75° from the c-axis towards the planes that were selected. The crystallographic 
orientation was re-measured on the Secazi to ensure that it was within one degree of 
target.  Marks were placed on the samples for alignment purposes. A small cut was 
applied to upper right corner (Si face up) of the diced sample such that it was possible to 











and one 1cm2 sample cut towards the <2130> plane with a small chip on the upper left 
corner. Later, a 1cm2 sample cut towards the <1230> plane and a 1cm2 sample cut 
towards the <1340> plane were also obtained from the same process. 
All of the previously described processes were performed at II-VI and the 
polished alternative off-axis samples were delivered to MSU. The samples were cleaned 
before growth using the following standard process. First they were cleaned with acetone 
placed in an ultrasonic cleaner for 15 minutes. Next they cleaned with isopropyl alcohol 
placed in an ultrasonic cleaner for 15 minutes, followed by a de-ionized (DI) water rinse. 
The samples were then cleaned with hot (~100°C) trace-metal grade sulfuric acid for 15 
minutes. Finally the samples are rinsed it DI for 15 minutes, and dried with dry nitrogen 
gas.
2. General CVD Reactor Information
The reactor used for these experiments is a horizontal cold-wall atmospheric 
pressure CVD reactor. The basic setup of this CVD system will be provided here, but a 
detailed explanation of this system can be found in [64].  
The reactor consists of a main chamber, RF generator, gas handling system, and 
computer control system. The main chamber consists of a quartz tube that has a water- 
jacket that surrounds and cools the main reaction chamber. The inner diameter of the 
chamber is 100mm. A quartz boat is used as a gas flow nozzle and susceptor support. The 
susceptor was manufactured by Bay Carbon, and was made from high purity graphite 










substrates. An Ultimax infrared pyrometer is used to read the back side of the susceptor,
and reports the temperature to the computer control system. A vacuum connects to the 
chamber by means of an ultra-torr fitting connected to the nozzle on the end cap. The 
vacuum pump is used only for pumping and purging the system, as the chamber exhausts 
to atmosphere through a scrubber during growth. A Lepel RF generator is used to 
magnetically couple RF energy to the susceptor through a copper solenoidal coil 
surrounding the tube.  
The gas handling system consists of a set of MFCs and check valves, and the only
gases used for these experiments are silane, propane, and hydrogen. The hydrogen is 
purified with a palladium hydrogen purifier before delivery to the gas control system. The 
silane and propane are also an ultra-high purity grade. Both precursor sources are 
mixtures. The silicon precursor is a 3% silane / 97% hydrogen (by volume) mix. The
carbon precursor source is a 2.98% propane / 97.2% hydrogen (by volume) mix. A 
computer with data acquisition cards running custom Labview software and an Allen-
Bradley PLC control all of these reactor processes.  
3. Experiment Design and Process Parameters 
A set of experiments to test the alternative off-axis substrates were performed. A 
reference sample was included with test substrates to a provide a control for the growth 
process. The reference samples selected were 6HN 8mm2 Cree <1120> off-axis 
substrates that were diced from the same wafer. These substrate samples were cleaned by







A particular homoepitaxy growth process needed to be selected for the 
experiments. The process that was chosen is a process that produces homoepitaxy layers 
of approximately 1×1016 cm-3 n-type doped layers that grow at a rate of approximately
1.2µm per hour. Also included in the process is a 0.2µm N+ buffer layer that is grown 
before the N- epi growth begins. It was decided to make all of the N- epi layers 
approximately 1µm thick for comparison purposes. The actual process parameters used 
are described in Table 3.1, and the temperature ramp times can be seen in Figure 3.1. 
Refer to Appendix A for the epi growth run sheets. The epi on the <2130> and <3140> 
samples were grown first, while the epi on the <1230> and <1340> samples were grown 
later.
Table 3.1 
 Experiment process parameters for all of the experiments. 
N+ Buffer Layer 
SiH4 80 sccm 
C3H8 90 sccm 
H2 8 L/m 
Si/C ratio 0.26 
Temperature 1560°C 
Growth Time 10 minutes 
Susceptor Used BC – 8 
Chamber Pump Down Pressure (prior to growth) Less than 100 mTorr 
Number of Pump and H2 Backfills 2 
N- Layer 
SiH4 80 sccm 
C3H8 190 sccm 
H2 8 L/m 







Table 3.1 continued 
 Experiment process parameters for all of the experiments. 
Growth Time 45 minutes 
Susceptor Used BC – 8 













TEST RESULTS FOR ALTERNATIVE OFF-AXIS 
SUBSTRATE HOMOEPITAXY GROWTH 
As mentioned earlier, there are two characteristics of the epi layer that would be 
tested: the surface morphology and certain electrical/material properties.  
To determine the quality of the surface morphology, optical microscopy and 
atomic force microscopy (AFM) were applied to the sample. The purpose of the optical 
microscopy is to detect large disturbances such as polytype changes or large-scale 
defects. The optical microscopy was applied to the substrates before and after epi growth. 
AFM was used to detect the roughness of the epitaxy surface, and determine if the new 
alternative off-axis substrates exhibit any interesting growth patterns.  
The electrical/material properties of the substrates were investigated using Fourier
Transform Infrared Reflectance Spectroscopy (FTIR), Capacitance vs. Voltage (C-V), 
and Current vs. Voltage (I-V) tests. The material properties such as doping and epi layer 
thickness can be determined from FTIR reflectance spectroscopy. The initial C-V and I-V 












HP4280A C meter/C-V plotter (C-V measurements) and a Keithley 237 High Voltage
Source Measure Unit (I-V measurements). Follow-up C-V and I-V tests were done after 
applying metal Schottky contacts to the epitaxial surfaces. A Wentworth probe stand was 
used to probe the Schottky contacts.  
The testing order went as follows: 1) optical microscopy before growth, 2) optical 
microscopy after growth, 3) C-V and I-V using the Hg probe, 4) FTIR, 5)AFM, and 6) C-
V and I-V using metal Schottky contacts. All microscopy and measurements were 
performed on the Si face since the epitaxy was grown on that face.  
A synopsis of the data that was collected is reviewed in this chapter. Appendix B
contains additional data that was not presented here. 
1. Optical Microscopy of Alternative Off-Axis Substrates Before Epi Growth
Figures 4.1 through 4.8 were taken using a Nikon Optihop-100 microscope with a 
light source from above before the epitaxy was grown. Refer to the figure description for 
microscope lens objective and location of substrate. Each figure illustrates general pre-






Figure 4.1: Opposite corner from the notch of the <2130> sample (1.5X). The <1120> 







Figure 4.2: Upper left edge of the <2130> sample (20X). The <1120> plane is parallel to 























































3. Optical Microscopy of Alternative Off-Axis Substrates After Epi Growth
Figures 4.9 through 4.16 contain optical micrographs of the samples following epi 
growth using the same microscope as used prior to growth. These images illustrate large
scale surface morphology and growth trends of the various samples. 
Figure 4.9: Map of the images taken at different locations on the <2130> sample at 10X 
power where the <1120> plane is parallel to the bottom of the picture. The 
                  location of the picture in the collage corresponds to the location on the sample  






Figure 4.10: Optical micrograph (50X) of the <2130> sample taken at the left middle 





Figure 4.11: Map of the images taken at different locations on the <3140> sample at 10X 







Figure 4.12: Optical micrograph (50X) of the <3140> sample taken at the left center 
























Figure 4.16: Optical micrograph (50X) of the <1340> sample. 
4. FTIR Data 
This section includes the thickness of the data (screen shots) from the FTIR
analysis performed on the alternative off-axis samples and the reference samples with an 
MKS FilmExpert System. This particular FTIR machine (MKS FilmExpert) could not 
accurately resolve the doping levels of the epi layers because the concentration was too 
low, but in all samples the epitaxial film could be distinguished from the substrate. The
following table is a summary of the data obtained by FTIR.  
 







 FTIR thickness data for all of the samples. 
Bottom Center Top Left Right Average Std. 
Deviation 





1.203µm 1.164µm 1.213µm 1.198µm - 1.195µm 0.021 





1.176µm 1.159µm 1.216µm 1.223µm 1.237µm 1.202µm 0.033 
<1230> 1.372µm 1.141µm 1.209µm 1.512µm 1.340µm 1.315µm 0.145 
<1340> 1.33µm 1.059µm 1.066µm 1.23µm 1.298µm 1.197µm 0.128 
5. AFM Data
Two sets of Atomic Force Microscopy (AFM) were done on the <2130> and 
<3140> alternative off-axis samples. All AFM was performed by Charles Evans & 






Dimension 5000 for acquiring the AFM images and surface roughness data for both tests. 
The first set of tests, shown in Figures E.4 through E.7, was done without any reference 
to a particular plane, but the tests were still useful for surface morphology information 
(available in Appendix E). The second AFM results had a reference plane and two 
different spot resolutions of 1µm × 1µm and 20µm × 20µm. AFM performed on the 
reference sample grown with the <2130> sample and this was done for the first AFM test 
only (images included in this section). AFM was performed the <1230> and <1340> 
samples before and after epitaxial growth (unlike the previous three samples) with a spot 
size of 800nm × 800nm. All of the roughness analyses and AFM 3D surface images are 
presented in Figures 4.17 through 4.44 with the exception of the first test. The color 
reference charts for the roughness analyses can seen in Appendix E. The coordinates for 
the crystal plane can be seen in the image for the second tests. The axis legend including
with AFM images in the figures below might be unclear since the image itself is tilted. 
The axis labeled <0001> should be perpendicular to the surface of the material, but when 
attempting to draw it this way, it would end up distorted and more confusing. Finally, 
Table 4.2 presents the quantitative results from the surface roughness analysis results for 



















































Figure 4.25: AFM image for the <1230> sample at 800nm × 800nm resolution before epi 





Figure 4.26: AFM roughness analysis for the <1230> sample at 800nm × 800nm 





Figure 4.27: AFM image for the <1340> sample at 800nm × 800nm resolution before epi 





Figure 4.28: AFM roughness analysis for the <1340> sample at 800nm × 800nm 





Figure 4.29: AFM image for the <1230> sample at 800nm × 800nm resolution after epi 





Figure 4.30: AFM roughness analysis for the <1230> sample at 800nm × 800nm 





Figure 4.31: AFM image for the <1340> sample at 800nm × 800nm resolution after epi 





Figure 4.32: AFM roughness analysis for the <1340> sample at 800nm × 800nm 






Figure 4.33: AFM roughness analysis of Cree reference sample grown with the <2130> 








Figure 4.44: AFM image of Cree reference sample grown with the <2130> sample at 
20µm × 20µm resolution (1st test).
Table 4.2 
 Quantitative values from AFM analysis for all of the sample’s surfaces. 
 Spot Resolution RMS (Å) Ra (Å) Rmax (Å) 
<2130> 20µm × 20µm 133.2 100.4 1473.6 
<3140> 20µm × 20µm 71.0 57.0 690.8 
Cree Reference 20µm × 20µm 13.1 6.4 985.3 
<2130> 1µm × 1µm 12.0 8.8 117.1 
<3140> 1µm × 1µm 5.6 3.9 67.5 
<1230> before epi 800nm × 800nm 10.07 5.37 60.02 
<1340> before epi 800nm × 800nm 16.96 6.15 343.62 
<1230> with epi 800nm × 800nm 5.43 4.19 65.83 


















6. Mercury Probe C-V and I-V Data
The C-V and I-V data was taken using the mercury probe as described earlier. 
Table 4.3 summarizes the substrate doping levels for the <2130> and <3140> samples. 
Table 4.4 summarizes the epi layer’s doping, leakage current, and turn-on voltage. Refer 
to Appendix F for the complete CV and IV data that was collected for both before and 
after epitaxy growth. 
Table 4.3 
Substrate characteristics (measurements done before epitaxial growth). 
Doping Concentration (cm-3) 
<2130> ~ 1X1018 











<2130> 1.2X1016 < 10nA 0.8V 
<1120> reference sample for 
<2130> 
1.2X1016 < 10nA 0.7V 
<3140> 1.3X1016 < 10nA 0.5V 
<1120> reference sample for 
<3140> 
1.2X1016 < 10nA 0.7V 
<1230> ~5X1015 (non-uniform) > 1µA 0.35V 
<1120> reference sample for 
<1230> 
~5X1015 (non-uniform) ~ 1µA 0.45V 
<1340> ~2X1015 (non-uniform) > 1nA 0.75V 
<1120> reference sample for 
<1340> 




7. Probe Stand C-V and I-V Data Acquired from Schottky Diodes 
A test pattern of Schottky metal diodes were fabricated on the <2130>, <3140>, 
and <1120> samples. The diode diameters varied from 600µm to 1000µm. 2000Å of 










was used to form the diodes. Table 4.5 shows the results from the CV and IV
measurements of the Schottky diodes. The leakage was 0.1mA for all devices, and 
sometimes for the on state current (not shown), due to the compliance limit set on the IV
meter. This was done to keep from damaging the material. Refer to Appendix G for the 
complete CV and IV data that was collected. 
Table 4.5 
 CV and IV data for the Schottky diodes fabricated on the <2130>, <3140>, and <1120> 
samples. 
Czero bias VBR Ileakage Von
<1120> 47.7pF -7.4V 0.1mA > 1V (slow turn-on) 
<2130> 64.4pF -10V 0.1mA > 1V (slow turn-on) 















   
 
CHAPTER V 
ANALYSIS AND DISCUSSION OF THE TEST RESULTS 
This chapter will describe the electrical and physical properties of the four
alternative off axis substrates based on the data presented in the previous chapter. The 
hardest part of analyzing these samples was to distinguish if polishing or a growth 
mechanism caused the observed physical characteristics. The extremities in the AFM 
images (designated by greens and reds) were usually ignored since these are most likely
due to polishing defects, but some were still considered where the was reason to believe
they were related to growth mechanisms. If the extremity appeared to be random, then it 
was ignored; otherwise it was considered. 
1. The <2130> Sample 
The <2130> sample was one of the lowest quality samples in terms of epi surface 
morphology and Schottky electrical characteristics. Looking at the bare substrate optical 
micrographs (Figures 4.1 – 4.2), small bumps and scratches can be seen. This is probably
due to poor polishing techniques from the vendor. This rough substrate suggests that the 
resulting epi will also have poor surface morphology. This is the case as seen in Figures 








grown with the epi layer. To investigate the growth on the non-defected areas of these 
samples, the areas in between the obvious scratches and bumps were analyzed by means 
of optical microscopy and AFM. The epi surface was covered with large-scale step 
bunching mainly in the <1120> direction, but kinks are visible showing that multi-
faciting was occurring but only inefficiently. The AFM images shown in Figures 4.17 – 
4.20 reinforce this growth mechanism, especially Figure 4.20. Even a hill-and-valley
profile can be seen, which is what occurs on standard <1120> off-cut samples. When 
comparing this sample’s surface morphology to the Cree sample (Figure 4.43 – 4.44), it 
is very obvious that the quality of the epitaxy layer of the <2130> sample is well below 
that of the epi grown on a commercial substrate. Even when considering the regions 
between the defects, it is still obvious that the <2130> sample’s surface roughness is 
more pronounced. The exact thickness of the microsteps is inconclusive on the higher 
resolution AFM image, but they steps are very distinct meaning that they are a many
bilayers thick. Previously reported findings expect a bilayer count of two to be the 
majority for standard off-axis substrates. The <2130> sample’s RMS value for surface 
roughness was by far the worst for the 20µm X 20µm spot size. This is not surprising due 
to the red extremities shown. The epi thickness uniformity of the sample was not nearly
as good as that of the Cree reference sample as shown by FTIR. A larger surface area 
would have to be tested to verify the uniformity. The electrical characteristics of this 
sample are on par with the Cree sample as shown by the Hg probe (Table 4.4), but the 
measurements from the Schottky diodes show that the <2130> sample had higher 








like typical curve for Schottky contacts (fast turn-on with a sharp breakdown), whereas 
the <2130> sample’s curves were not ideal (slow turn-on and soft breakdown). The most 
likely cause of the poor quality device would be the rough epi surface causing non-ideal 
semiconductor-metal junction characteristics. 
2. The <3140> Sample 
The <3140> substrate’s initial condition was of a fairly high quality. From 
Figures 4.3 – 4.4, it can be seen that the substrate surface had very few scratches, a few 
large micropipes, and no small bumps left from polishing. This means it was easier to 
distinguish growth mechanisms from substrate defects. From the optical microscopy
images (Figures 4.11 – 4.12), it is obvious that the scratches have become more 
pronounced after the epitaxy layer was grown but are by no means as bad as those on the 
<2130> sample. FTIR shows that the epitaxy layer’s uniformity is not as good as the 
Cree reference sample, but it is slightly better than the <2130> sample in terms of
standard deviation. AFM (Figures 4.21 – 4.24) showed that on a large scale, a hill-and-
valley of steps profile exists. The higher resolution (smaller spot size) made it apparent 
that the large-scale hills consisted of microsteps propagating in the <1120> direction. 
Upon closer inspection, it is clear that the larger hills are not continuous (or long) across 
the sample parallel to the <1120> direction but staggered. It is possible that the exposed 
<1010> face is causing this phenomenon by forming a macrostep in the <1010> direction 
and allowing the faster growing <1120> microsteps to be the dominant growth 












can only be determined by a technique such as Transmission Electron Microscopy
(TEM). The electrical characteristics of this sample are on par with the Cree sample as 
shown by the Hg probe data (Table 4.4), with the exception of the turn-on voltage being
around 200mV lower. The Schottky diodes that were fabricated on the <3140> sample
acted similar to that of the diodes fabricated on the Cree reference sample. The CV and 
IV curves had similar shapes, with the exception of the diode on the Cree sample having
a slower turn-on. This is not to say that the <3140> sample will produce better devices 
than the standard off-axis substrates, but they might be of the same quality. Many devices 
must be tested in order to verify the actual characteristics. This off-cut sample probably
had better electrical results due to the smoother surface than that of the <2130> sample. 
3. The <1230> Sample 
The scratches on the <1230> sample had a decent quality substrate since no 
scratches or major roughness contributions could be detected with the microscope. The 
sample was one of the two samples that had AFM performed on the bare substrate 
(Figures 4.25 – 4.26). It showed that the substrate was fairly uniform with a few rough 
spots that were missed during polishing. Even though the scratches were not easily
identifiable on the substrate, after looking at the optical micrographs of the epi (Figures 
4.13 – 4.14) the scratches have become much more prominent. The FTIR showed that a 
non-uniform 1.3µm epitaxy layer had been grown. The AFM results of the epitaxy layer 
(Figures 4.29 – 4.30) shows that there are mainly microsteps growing toward the <1120> 








because this particular small spot has many substrate defects associated with it. It is
possible that the defects are due to the growth mechanisms but this cannot be concluded 
for certain. The AFM RMS roughness value for the substrate was higher than the epi 
layer’s value, but since these spots were measured at different points on the sample, this 
would not necessarily be a good estimate. The electrical characteristics of this sample 
were well below par compared to the <2130> and <3140> sample, but this is due to the 
odd doping profile mentioned earlier. When this sample is compared to its Cree reference 
sample, it is found to have similar CV and IV characteristics.  
4. The <1340> Sample 
The scratches on the <1340> sample had a high quality substrate since no 
scratches or major roughness contributions could be detected with the microscope. This 
sample was the other sample that had AFM done on the bare substrate (Figures 4.27 – 
4.28). It showed that the substrate was very uniform with only a few rough spots (small 
bumps) that were missed during polishing. The scratches shown in Figures 4.15 – 4.16 
demonstrate the enhancement of substrate defects that is caused by growing the epi layer. 
The FTIR showed that a non-uniform 1.2µm epitaxy layer had been grown. These results 
differed by approximately 0.4µm when compared to the results of CV. The AFM images 
shown in Figures 4.31 – 4.32 are by far the best example for demonstrating multi-face 
growth. The middle of a faceted profile can be seen in the middle of the image with
microsteps covering the larger hill. Looking at the steps at the 0 nm and 300 nm regions, 




these are due to defects but it appears to be the beginning of a pattern. The overall step 
structure appeared to be uniform. The RMS value for surface roughness was lower than 
its substrate’s value, but this cannot be verified without taking AFM at many spots for 
both the substrate and epitaxy or doing AFM on the exact same spot, which is difficult 
and not done. The electrical characteristics looked worse than the <2130> and <3140> 
samples, but it had the same problem with a non-uniform doping profile as the <1230> 
sample had. When the <1340> CV and IV characteristics are compared to its Cree 


















The main purpose of this work was to investigate alternative off-axis cutting
directions in 6H-SiC and evaluate their surface morphology and basic electrical 
characteristics. The motivation is to find other possible boule off-cut directions for wafers 
that allow lower off-cut angle while still yielding a high quality epitaxial layer. A smaller 
off-cut angle may allow a higher yield of wafers per boule.  
The alternative planes were selected from four alternative planes that exist
between the <0110> and <1010> planes. The final reference planes chosen to off-cut
toward were the <1230>, <1340>, <2130>, and <3140> planes. Four samples cut towards 
each of these planes were obtained and had epitaxial thin films grown on them. A number 
of physical and electrical properties were observed on these samples both before and after 
epi, including optical microscopy, FTIR, AFM, Hg probe CV/IV, and nickel Schottky
diode CV/IV. 
Three significant conclusions can be drawn from this study. First, the cutting
direction definitely has an effect on epitaxial growth mechanisms and surface 














the final epitaxy film. Finally, a rough surface morphology typically produces a poorly
performing device. 
It was seen from the AFM and optical microscopy results that the alternative cuts 
grew different than was originally expected as presented in Chapter 2, but the cutting
direction did play a major role in the quality of the surface morphology of the epi layer. 
The <3140> and <1340> samples acted the closest to what was expected (referring to
multiple face growth) and had the best overall surface morphology. The <2130> and 
<1230> samples exhibited a much lower quality epitaxial layer (referring to the
morphology) but the multiple face growth was seen in the AFM images. The 
commercially available off-axis samples cut towards the <1120> direction still exhibit the
best step growth characteristics compared to the alternative off-axis samples tested in this
study. Even using optical microscopy shows the alternative off-axis samples did not
exhibit a high quality surface when compared to the reference <1120> samples. It is 
obvious that the alternative cutting directions are one of the major causes of the rough 
surface morphology. Another contributing factor could be due to the polishing techniques 
applied to substrates by II-VI Inc. and Cree. 
 It was observed that the <3140> and <1340> samples had step structures that 
were much more ordered than the <2130> and <1230> samples. One possible reason is 
that the <3140> and <1340> cutting directions have a multiple face structure after wafer 
polishing that is more optimal in terms of lateral step growth velocity than that of the
<2130> and <1230> cutting directions. It is known from previous research that the 









<1230> samples, the <1120> face grows faster laterally across the steps compared to the 
connected <1010> and <0110> faces (the two faces that form a kink) causing the 
formation of macrosteps. This is not the case for every step site. The <1010> and <0110> 
faces could grow at near equal velocities in some cases keeping the microstep structure of 
the original substrate. The final result would be staggered groups of micro and 
macrosteps. This process could contribute to forming a rough and uneven epi surface, 
which was observed by AFM. The <3140> and <1340> samples have longer <1010> and 
<0110> faces, which means that it is possible for these slower growing faces to keep up 
with the shorter, faster growing <1120> faces across the lateral step. It is unclear what
might occur with the steps of the alternative off-axis substrates when they have thicker 
epitaxy layers (greater than 1µm) grown on them. It is possible that the <3140> and 
<1340> samples might hold their microstep structure for a few microns; whereas the
<2130> and <1230> samples’ morphology will continue to get worse. This is an area for 
future investigations. 
One factor that tempers these results and conclusions is that the substrate quality
was below commercial standards. The wafer microscopy images of the pre-epi samples in 
Chapter 4 show that the original wafers had a major problem with polytype 
transformations. Another major problem was the polishing of the wafers’ surfaces left
many scratches and small bumps that would not exist in a high quality substrate. High
micropipe density and substrate defects were also an issue with the samples. It is well 








existence of odd lattice faces that nucleate undesirable step growth. To have more 
conclusive results, a higher quality substrate would be needed. 
The electrical properties of these alternative off-axis samples proved that lightly
doped epitaxy was indeed grown on the substrates and these films showed decent 
electrical results. Keeping in mind that it was a thin epitaxy layer, it was not unexpected
that the breakdown voltages were low. However, noting that the <2130> sample had a 
rough surface, it was not any surprise that very few of the nickel Schottky diodes worked 
well. The <3140> sample had a better yield of Schottky diodes, but the reference sample 
was by far the best; however, once again this was probably influenced by the different 
starting quality of the substrates. The working devices showed similar results from 
sample to sample. The rough morphology of the alternative off-axis samples may have 
been responsible for the lower breakdown voltage, possibly due to charge buildup in the 
sharp points. The Hg probe covered a larger area and is not affected in the same way as 
Schottky contacts under the same bias conditions. The Hg probe indicated that the 
alternative off-axis epitaxy layers were not much different electrically than the reference 
samples grown with them. This includes the <1230> and <1340> samples, which had 
certain process variations as shown from the doping data (a n n- n+ doping profile was 
acheived), but when they are compared to their respective reference samples, they have 
similar electrical characteristics. 
 The <3140> and <1340> cutting directions appear to be the most promising of the
alternative off-axis samples that were tested in this study. Overall, it was shown that






further research is needed to make sure that this is the case for all doping levels and 
different epi thickness. The <2130> and <1230> samples produced low quality epitaxy
layers and it does not appear that they would be worth further investigation other than to 
study physical mechanisms. Other future investigations may include these alternative off-
axis samples cut at a lower tilt angle, but if future work is done, it would be beneficial to 
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The alternative off-axis samples that came from II-VI Inc. had to selectively diced 
from alternative off-axis wafers. This was due to the requirements of the experiments that
were performed. First the area had to have a micropipe density count of less than 
200MPD per cm2. This was sacrificed slightly on the <1230> and <1340> samples, but 
only by about 50MPD per cm2. The MPD data was provided II-IV. The second 
requirement was that the sample could not have any polytype inclusions. 15R can be seen 
very easily (the yellow) in the below images. The final requirement was that there had to 
be some method to distinguish the Si face from the C face. A small notch was cut on the 
corner of each sample to signify which face was up. This notch also helped determine the 
orientation of the sample. The below figures show the pre-growth state of the samples 
and where the samples were cut from on the wafer. These figures show that the original
wafers had a lot of problems with stress fractures and 15R polytype inclusions.  
Figure B.1: Close up picture of the <2130> sample with the <1120> plane aligned  












Figure B.3: Close up picture of the <3140> sample with the <1120> plane aligned  

















Figure B.5: Wafer outline showing where the <1230> sample was cut from. 
















































One of the most important large-scale surface morphology tests done was done on 
a standard optical microscope with a camera attached to a computer. The following
figures helped detect any surface abnormalities before and after epitaxial growth such as 
polishing (scratches and roughness), substrate (stacking faults and stress cracks), and 
growth (step-bunching and 3C nucleation) defects.  
Figure C.1: Corner of the <2130> sample where the notch was cut to determine the





Figure C.2: Right above notch shown in Figure 4.5 on the <2130> sample (20X) (before 






Figure C.3: Upper middle part of the <2130> sample (20X). A large defect is shown  






Figure C.4: Notch of the <3140> sample before growth (1.5X). The flat of the notch is  






Figure C.5: Towards the center of the <3140> sample (1.5X) showing larger defects    













Figure C.7: Optical micrograph (10X) of the <1230> sample with the cut notch at the
























Figure C.11: Optical micrograph (50X) of the <2130> sample taken at the right middle  







Figure C.12: Optical micrograph (50X) of the <3140> sample taken at the right center











































































FTIR was used to help determine the uniformity of the grown epi layers. 
FTIR accomplishes this by the principle of light refraction. Light of different 
wavelengths is shot at the substrate and the reflected multi-frequency light is measured. 
The different frequencies will reflect differently with the lightly doped epi layer and 
heavily doped substrate. Certain frequencies will pass through the epi layer to reach the 
substrate, which will then reflect them, whereas other frequencies will reflect off of the
epi layer and never reach the substrate. This light takes a certain amount of time to travel 
to and from the multiple layers (epi and substrate) of the material, which will be recorded
as a reflectance spectrum. This spectrum can then be translated into the thickness of the 
epitaxy layer. The below figures show the measured thickness of the epi layer, or where 
the distance from the first distinct junction (in terms of doping concentration), of each 







Figure D.1: FTIR thickness data for the epitaxy on the <2130> sample. The numbers are 
as follows: bottom = 0.905, center = 0.941, top = 1.234, left = 1.235, and 







Figure D.2: FTIR thickness data for the epitaxy on the Cree reference sample grown with  
the <2130> sample. The numbers are as follows: bottom = 1.203, center = 







Figure D.3: FTIR thickness data for the epitaxy on the <3140> sample. The numbers are 
as follows: bottom = 0.932, center = 0.979, top = 1.195, left = 1.103, and 






Figure D.4: FTIR thickness data for the epitaxy on the Cree reference sample grown with  
the <3140> sample. The numbers are as follows: bottom = 1.176, center = 














































AFM is the most important measurement in terms of surface morphology. AFM 
works like an extremely high precision profilometer in that it drags a needle over an area 
and records the change in the z-direction (perpendicular to the sample). This probe (made 
of Si in the case of the measurements shone below) can be as sharp as a few atoms wide 
depending on the desired resolution. The probe is attached to a cantilever that will rise up 
and down, which corresponds to the surface roughness by some gain factor. Color charts 
are included with the AFM measurement to signify the height of the surface structures as 
shown of the AFM images. This process can be done with either an array of probes and 
cantilevers to get an area on a single pass, or a single probe can be dragged and stepped 
many times, which can take a long time. All of the data can summarized by a RMS 
method to give a general surface roughness factor. The following figures are the ones that 
the samples orientation was not known. The orientation can be estimated, but it is not for 











Figure E.2: Color chart for the roughness analysis of the <1230> and <1340> samples’ 
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Figure E.7: AFM image of <3140> sample at 20µm × 20µm resolution (1st test).
Table E.1 
 Quantitative values from AFM analysis for surface roughness of the three samples for 
the first tests. 
Sample RMS (Å) Ra (Å) Rmax (Å) 
<2130> 175.7 133.2 2226.0 











































One of the easiest methods to characterize the electrical properties of an epitaxy
layer is to use a Hg probe in conjunction with CV and IV meters. This method is non-
destructive to the material, and therefore can be applied before and after epi growth. This 
allows for characterization of both the substrate and epitaxy layer. The data shown in 









































Figure F.8: C-V and I-V data for the reference sample grown with the <1230> sample 










Figure F.10: C-V and I-V data for the reference sample grown with the <1340> sample 














































One important factor of epitaxial growth is how well devices will work on the
grown thin film. One easy method for checking this is to fabricate Schottky diodes on the 
epi layer. The Schottky diode is simply a thin (hundreds to thousands of Angstroms) 
metal layer placed on top of the thin film, which has been patterned to fit the needs of the 
application. These simple devices allow for the thin film to be electrically characterized 
by means of CV and IV measurements. Nickel was used because of its high electric 
barrier and its availability. This technique of using Schottky diodes was applied only after
every other test has been done since the epi surface would be damaged after the metal 
was to be stripped. 
Table 4.5 shows the zero bias capacitance, breakdown voltage, leakage current, 
and turn-on voltage for the <2130> sample, <3140> sample, and the reference <1120> 
sample grown with the <2130> sample. This data was extracted or extrapolated from the 
following graphs. The first graph of each set shows the CV and GV (Conductance vs. 
Voltage) and the second and third graphs show the forward and reverse bias 
characteristics. The conductance was not referred to before now, but it plays a major role 
is how the device will operate. The lower the conductance means the higher the 
resistivity of the device. This may or may not be desired depending upon the application. 














































































Figure G.1: CV/GV characteristics of the <1120> reference sample. 













































































































































































































Figure G.5: IV forward bias characteristics for the <2130> sample. 






























































































































Figure G.7: CV/GV characteristics of the <3140> sample. 































































































































In Chapter I there was a discussion of other alternative off-axis growth techniques 
that have been used in other research. One of the most common alternative techniques 
was the a-face (1120 face) method. Included in this appendix are the AFM results 
comparing commercial 4H off-axis substrates (before and after epi growth) to
commercially available a-face substrates. It was found that by growing epitaxy the 
morphology of both substrates was greatly improved. Both epitaxy layers were of 
comparable morphological quality as indicated by only minor differences in their overall 














Figure H.2: AFM image of the a-face sample before epitaxy growth. 







Figure H.4: AFM image of the off-axis sample before epitaxy growth. 







Figure H.6: AFM image of the a-face sample after epitaxy growth. 







Figure H.8: AFM image of the off-axis sample after epitaxy growth. 








Roughness Data from AFM. 
Sample RMS (Å) Ra (Å) Rmax (Å) 
a-face pre-epi 4.84 3.77 61.90 
a-face post-epi 1.20 0.95 16.35 
off-axis pre-epi 5.25 4.18 46.11 
off-axis post-epi 1.12 0.89 13.31 
